Abstract The aim of this study was to evaluate the effects of cover type (control, agro-textile or perforated plastic film) and harvest date (60 or 75 days after planting and at full physiological maturity) on the yield, quality and cost-effectiveness of early harvest potato cultivation. The study was conducted in the years 2008-2011, at the Gorzyń Experimental-Education Laboratory for Soil and Plant Cultivation, Gorzyń Branch, part of the University of Natural Sciences in Poznań. The experiment was set up in a split-plot randomized block design with four replications. Covers increased the total and marketable tuber yields at early harvest dates, in particular on the 60th day after planting, compared to the reference. Tubers cultivated under covers were also found to contain higher amounts of dry matter and starch than those which were not covered. The proportion of tuber fractions with a diameter between 4.6 and 5.5 cm and above in the total yield was found to be strongly dependent on cover type. The proportion of these fractions was significantly lower under plastic film than under Agro-textile. Over the 3 years cycle, high gross margins were achieved on the 60th and 75th days after planting with perforated film and agro-textile.
Introduction
In Poland, early harvest cultivation of potatoes is currently conducted on an area of around 30-40 thousand hectares. Achieving the earliest possible marketable yield is of vital importance for such cultivation (Harasim et al. 2004; Wadas and Sawicki 2005) . According to the Regulation of the Minister of Agriculture and Rural Development dated 29 October 2003, concerning specific requirements for the commercial quality of potatoes, the commercial fraction of early potatoes is defined as tubers of over 28 mm in diameter. Early potatoes in Poland are usually marketable on the 60th or 75th day after planting. Lower yields of tubers harvested on these dates are usually offset by higher selling prices (Sawicka 1998) . Later dates increase yields, with a corresponding lowering of prices. Potato cultivation for early cropping involves considerable risk, due to the possibility of early frosts in the initial period of growth, which may cause significant damage to entire plantations. To minimize such risks, coverings are used, including agro-textiles or perforated plastic films (Collingwood and Frost 1988; Friessleben 1984; Jenkins and Gillison 1995; Wadas and Sawicki 2005) . Coverings not only provide protection against early frosts and temperatures which can drop to −5°C, but also against other unfavorable climatic events, such as hail, strong winds and heavy rains. Such converings can also advance crop emergence by 3 to 8 days, and increase both total and commercial yields (Bizer 1994; Cholakov and Nacheva 2009; Demmler 1998; Dvořák and Hamouz 2008; Harasim et al. 2004; Rębarz 2013; Wadas and Sawicki 2009) .
Tuber chitting is a further measure that can encourage the faster cultivation of crops. Although the application of covers and tuber chitting increases the cost of potato production, it may be justified as long as the value of the increased yield exceeds the expense incurred. The use of covers increases the direct cost of early potato production by between 40 and 124 % when compared with non-covered cultivation, with the cost of agro-textile adding around 30 to 50 % to the direct cost (Harasim et al. 2004; Sawicki 2005, 2009 ). The cost of agro-textile can be spread across two or three seasons of use, which significantly decreases its impact on the cost of potato production.
The objective of this study was to evaluate the effects of cover type (agro-textile or perforated plastic film) on yield and quality of first early potato tubers as well as on the cost-effectiveness of cultivation at various harvest dates. It was assumed that advancing potato growth provides higher and more cost-effective tuber yields in early harvests, without immediate deterioration of tuber quality.
Materials and Methods
Field experiments were conducted at the Gorzyń Experimental-Education Laboratory for Soil and Plant Cultivation, Gorzyń Branch, part of the University of Life Sciences in Poznań (52.6 N, 15 .9E) over the years 2008-2011, in a split-plot randomized block design with four replications. The experimental factors in the study included:
1. Cover type:
-potatoes grown without cover (control treatment), -potatoes covered with agro-textile -P19, -potatoes covered with perforated plastic film;
Harvest date:
-60 days after planting, -75 days after planting, -at full physiological maturity.
Seed tubers of Arielle (a very early potato cultivar) were used in the experiment. The potatoes were grown in a fourplot crop rotation design: potato -spring barley -narrowleafed lupin -winter wheat. In each year of the experiment, the potatoes were planted in the first 10 days of April. Phosphorus and potassium fertilization was applied in autumn before winter plowing. The soil used was classified in the IVa group of Luvisols, i.e., as a very-good-rye-soil complex type. The humus content was in a range from 0.96 to 1.60 %. The soil phosphorus content was high, and the level of available potassium was average. Phosphorus was introduced into the soil as an enriched superphosphate at a dose of 42.4 kg P⋅ha , while potassium in the form of potassium chloride was added with a dose of 124.5 kg K⋅ha . Nitrogen in the form of ammonium nitrate was added at a dose of 100 kg N⋅ha −1 directly before tuber planting. The seed tubers were chitted before planting over a 6 weeks period, then planted with row spacing of 30 cm and 70 cm. The tubers were not pretreated. After planting, Sencor 70 WG herbicide was applied to the soil, and the rows were covered with agro-textile and perforated plastic film. When the plants reached around 20 cm in height, the agrotextiles (Pegas Agro P-19) and perforated plastic films were removed. Depending on the weather during the vegetation period, the plants were sprayed once or twice with fungicide against potato blight and once with an insecticide. The surface area of the sampling plots was kept at 21 m 2 (1.4×15 m). The structure of the tuber yield from 5 kg of initial tubers was determined on the 60th day, and on the 75th day in the case of 10 kg of initial tubers and for tubers at full physiological maturity. The proportions of the tuber fractions in the following transverse diameter classes were determined in the total yield: below 2.8 cm, 2.8-3.5 cm, 3.6-4.5 cm, 4.6-5.5 cm and above 5.5 cm. Commercial tuber yields were determined taking into account the proportion of tubers with a diameter greater than 2.8 cm for potatoes harvested on the 60th and 75th days after planting, while in the phase of full physiological maturity the commercial fraction comprised tubers over 3.5 cm in diameter.
The dry matter content in tuber samples taken from each of the sampling plots was determined using the dry-weight method. Cleaned and fragmented tubers were dried at 105°C until the weight became constant. The starch content in tubers harvested on the 75th day after planting and in those at full physiological maturity was determined using the Reiman-Parow scale. The average amount of starch was calculated from the values in samples taken from each of the sampling plots.
The mean prices of production in the year 2014 were used to calculate the cost of potato cultivation. In order to calculate the value of the yields as well as the cost-effectiveness of potato cultivation, selling prices were set at 2000 PLN t −1 for tubers harvested on the 60th day after planting, 1000 PLN t −1 for potatoes harvested on the 75th day after planting, and 500 PLN t −1 for tubers at full physiological maturity. Since selling prices vary between years, the simulation is was calibrated to calculate the gross margin from 1 ha of potato cultivation at the different harvest dates. The gross margin was calculated according to the EU standards (Augustyńska-Grzymek et al. 2000) , as the difference between the production value (value of the commercial yield, SAP (single area payment) -830.30 PLN ha
, compensatory payment for seed tuber material -500 PLN t −1
) and the direct costs. The results were processed statistically using factorial analysis of variance (ANOVA). The significance level of the differences was measured using Tukey's test at α=0.05. LSD I and LSD II were calculated in line with the interpretation of interactions for factorial experiments, where LSD I is the comparison of means of factor B at the same level of factor A, and NIR II is the comparison of the means of factor A at the same or a different level of factor B.
The weather patterns varied between the study years ( Table 1) 20 days of June -i.e., the critical period for potato growth -was reflected in the size of the tuber yields.
Results
Both total and commercial yields of tubers were largely determined by the hydrothermal conditions in the study years ( Table 2 ). The maximum potato yields were obtained in 2010, with beneficial rainfall in May and July. Much lower yields were obtained in the years 2008 and 2009, while the lowest were noted in 2011. In all of the study years, the highest tuber yields were obtained from cultivations under agro-textile and perforated plastic film covers. A lower yield from a cultivation under cover was obtained only in 2009, when the loss of commercial yield under agro-textile was 10.6 % and that under perforated plastic film was 43.5 %. Both the highest total and commercial yields were obtained from potato cultivation under agro-textile (Tables 3 and 4) , while the total yield did not differ significantly from that harvested from plots covered with perforated plastic film ( Table 3 ). The total and commercial yields harvested were lowest from the reference plot but did not differ significantly from those harvested from cultivation under plastic film. A relationship was noted between the cover type and harvest time. This was reflected in the tuber yield size, with higher increments of the total and commercial yields harvested from the reference plots, compared with those from plots covered with agro-textile and plastic film. In the case of total yield, the increments attained between the harvest time on 60th and 75th days after planting and between the 75th day after planting and full tuber maturity were respectively: 5.15 and 5.84 t ha , respectively. Higher tuber yields were harvested on the 60th day after planting in the covered potato cultivation as compared to the reference. Moreover, for the cultivation under cover, an increase in yield was found which corresponded to the delay in the harvest time.
The greatest number of tubers from under a single potato plant was found in the cultivation covered with agro-textile. However, the number of tubers did not significantly differ from that obtained from the cultivation covered with plastic film (Table 5) .
No effect of cover type was observed on the weight of tubers found under a single potato plant. However, the weight increased with the delay in harvesting (Table 6) . A relationship was found between the cover type and harvest time. The highest weight increments were observed in the reference plot, at 115.9 g between the 60th and 75th days after planting, and 143.8 g between the 75th day after planting and the attainment of full maturity. Lower increments of tuber weights were noted in the plot covered with agro-textile, at 79.4 and 118.5 g respectively, while the lowest were measured in potatoes cultivated under plastic film, at 72.7 and 87.8 g, respectively. A relationship between the cover type and the harvesting time showed higher weight increments in the control treatment as compared to the plots covered with agro-textile or plastic film. The weight increments of tubers in the control cultivation were 115.9 g between the 60th and 75th days from planting and up to 256.3 g between harvesting in the 75th day and the date of full maturity. The use of agro-textile resulted in lower weight increments and gave increments of 79.4 g and 118.5 g respectively. The increments were lowest with the plastic film cover, at only 72.7 g and 87.8 g. n.s., not significant differences The highest proportion of tubers below 2.8 cm in diameter in the total yield was found in the reference plot, while tubers of 2.8-3.5 cm in diameter accounted for the largest fraction in the potato cultivation under plastic film ( Table 7 ). The proportion of these fractions decreased with the delay in harvest time. The share of 3.6-4.5 cm tubers in the total yield was higher under both agro-textile and plastic film, while that of 4.6-5.5 cm tubers only was highest for cultivation under agro-textile.
The proportions of the above fractions in the total yield increased with the delay in the harvest time. The fraction of tubers above 5.5 cm in diameter accounted for a higher share in the reference cultivation and under agro-textile than in the cultivation under plastic film. This fraction was not present in the yield from the first harvest date, i.e., on the 60th day after planting. Tubers above 5.5 cm in diameter were present only on the second and third harvest dates.
The contents of dry mass and starch were higher in potato tubers cultivated under both agro-textile and perforated plastic film covers than in potatoes cultivated without coverings (Tables 8 and 9 ). The dry mass and starch contents were greatest on the second harvest date, i.e., on the 75th day after planting.
Cost analysis shows that covers and seed tubers accounted for the highest share of production expenses (Table 10) . Tuber chitting and the application of agro-textile and perforated plastic film covering resulted in a high gross margin from potatoes harvested on the 60th and 75th days after planting (Table 11 ). The application of agro-textile covering decreased the gross margin as compared to the reference, while in the case of perforated plastic film the direct costs incurred were higher than the production value obtained.
Discussion
The weather during the potato growing season is one of the most important factors affecting potato yield and tuber quality (Gładysiak and Borówczak 1996; Rębarz and Borówczak 2006) . Hydrothermal conditions were of decisive importance for the size of total and commercial tuber yields during our 4 years study. The maximal yields of potatoes were obtained in the year 2010, when moisture conditions were most favorable for potato growth. Much lower yields were obtained in the subsequent years, and the lowest noted in 2011. In the last year of the study, the late frosts in May (−7°C) caused plant injuries and were the main cause for the decreased yields. Low rainfall in the first months of the growing season (April, May and first half of June) also contributed to plant drying. Intense precipitation in July then caused tuber rot, further diminishing the yield. These results indicate a significant relationship n.s., non-significant differences between potato yields and weather patterns, which is particularly pronounced under conditions of cultivation on light soils with limited water retention capacity. In order to advance potato growth and enable early harvests, seed tubers are often subjected to chitting and plantations are covered with agro-textile or perforated plastic film (Hamouz et al. 2005; Rębarz 2013; Wadas 2003 Wadas , 2007 XiaoLing et al. 2005; Xiao-Yan et al. 2010 ). In our study, the highest tuber yields, both total and commercial, were achieved in a cultivation under agro-textile. However, these yields did not differ significantly from those obtained under plastic film. Moreover, they were only slightly higher than yields harvested on the reference plot. The higher yield obtained from potato cultivation under agro-textile cover was largely a function of the higher tuber dry mass and the number of tubers under a single plant (Demmler 1998; Dvořák and Hamouz 2008; Cholakov and Nacheva 2009) .
In the cultivation of potatoes for early cropping, it is of vital importance to achieve the earliest possible commercial yield, which is defined as the proportion of marketable tubers (transverse diameter>2.8 cm). The cultivation of potatoes under agro-textile cover in our study enabled an increase in the proportion of marketable tubers in the total yield. Similar results were obtained by Harasim et al. (2004); Prośba-Białczyk and Mydlarski (1998) and Wadas and Sawicki (2005) .
Changes in the content of tuber dry mass, which is also related to the starch content, may be important in terms of the nutritional value of potatoes. Both are dependent on agrotechnical and environmental factors, but primarily on the potato cultivar (Shock et al. 1993; Storey and Davies 1992; Yusuph et al. 2003; Zaag 1980; Zimnoch-Guzowska and Flis 2006) . In our study, as in studies by Jabłońska-Ceglarek and Wadas (2005); Wadas et al. (2003 Wadas et al. ( , 2006 and Wadas (2007) , higher starch and dry mass contents were found in tubers cultivated under agro-textile and perforated plastic film in comparison to tubers cultivated without any cover.
From the point of view of agricultural practice, costeffectiveness is an important factor in the assessment of technologies for plant production. The application of coverings increases the investment required (Pszczółkowski et al. 2001) , which is why its can be justified only in cases where the value of the harvest increment exceeds the expenditure incurred (Rembeza 2002; Wadas 2007) . The direct costs of potato cultivation in our study were 24-27 % higher under perforated plastic film and agro-textile covers over three seasons as compared to the reference cultivation. Other authors have also pointed out that the direct costs of cover use may be decreased by using the covers for several years (Harasim et al. 2004; Wadas 2003; Wadas and Sawicki 2005) . Our study demonstrates the low cost-effectiveness or total lack economic benefit of applying covers for the cultivation of potatoes harvested at full physiological maturity. High gross margin values were, however, obtained on the 60th and 75th days after planting under perforated plastic film and agro-textile covers, which may therefore be recommended for the cultivation of potatoes intended for early cropping.
Conclusions
1. In the potato cultivation under agro-textile cover higher tuber yields, both total and commercial, were obtained on average for each harvest time, while lower yields were obtained from potato cultivation without cover. 2. Higher starch content and increased dry mass were noted in potato tubers cultivated under cover in comparison to potatoes cultivated without covering.
3. The proportions of tuber fractions with a diameter of 4.6-5.5 cm and above in the total yield were significantly affected by cover type. A significantly lower proportion of these fractions was observed under plastic film than under Agro-textile. 4. The highest gross margin values were obtained for potatoes harvested on the 60th day after planting in the plot covered with perforated plastic film, for potatoes harvested on the 75th day after planting in the cultivation under agro-textile cover and in the control for potatoes harvested at their full physiological maturity. The harvest of potatoes grown under perforated plastic film at their full physiological maturity was not cost-effective.
